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ABSTRACT

Magnetic thermometers are appealing at temperatures below about 0.1 Kelvin,

avoid the noise self-heating problems associated with resistive thermometers.
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Low temperature research in the range of 50 mK is complicated by thermometry

problems. Traditional resistive thermometers self-heat in that temperature range due to rf

noise currents if the circuits are not properly shielded and filtered. Since the same resistive

thermometer can give different readings in different test setups, even correctly calibrated

thermometers cannot be trusted.

For many applications magnetic thermometers are an appealing alternative. They

generally operate by measuring the temperature-dependent magnetic susceptibility of a

paramagnetic material. They avoid the self-heating problem, and they can be read out with

a SQUID to achieve high resolution. Commonly used paramagnetic salts are chemically

unstable and have low thermal conductivity. Since it is difficult to make good thermal

contact to them, the packaging can be a problem. Metallic dilute electronic magnetic

thermometers avoid these problems and are more convenient to use

One example is the palladium-iron thermometer. In palladium the iron atoms polarize

their palladium neighbors, resulting in giant magnetic moments of about 10 P.B per iron
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FIGURE 1. An exploded view of the Pd-Fe thermometer assembly. The tinned stainless steel tube for

shielding the secondary circuit leads is shown near the base. The parts are shown to scale, and the Nb shell is
1.28 cm tall.

atom. The Pd-Fe system has been shown to exhibit spin-glass behavior at low

temperatures, having a magnetic susceptibility maximum at the freezing temperature[I,2].

This temperature depends on the iron content, and above it the susceptibility obeys a Curie-

Weiss law. With its large magnetic moment, such a device is quite sensitive over a wide

temperature range and provides extremely high resolution near the low end of this range. It

has a short thermal time constant and can is easy to thermally attach to a test stage.

Pd-Fe thermometers have been used with different iron concentrations in different

The typical iron impurity level of 10 - 20 parts per milliontemperature ranges[3,4].
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rod purchased from Strem Chemicals. It was tested using induction coupled plasma

analysis to determine its concentration of iron and other magnetic contaminants. The iron

content was 185 atomic parts per million (ppm). This was fortuitous; the sample had a

higher spin-glass freezing temperature than typical "pure" palladium, and thus a higher

magnetic susceptibility in the desired temperature range. It contained less than 20 ppm

chromium, and the cobalt, manganese and nickel concentrations were well below 1 ppm.

The thermometer's mechanical design is shown in FIGURE 1. The parts were

machined and assembled in house at Goddard Space Flight Center (GSFC). The palladium

sample sits on a copper base to which it is varnished. The coil form, machined from vespel

SP-1, slides down over the sample and is also varnished to the base. A niobium shell

surrounds the coils and sample. This shell is varnished onto the base, which is bolted down

with a #2 screw.

All of the wire used for both the primary and secondary windings is formvar-insulated

copper-clad Nb-Ti with a total diameter of 63.5 lam. The two pickup coils in the secondary
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FIGURE 2. This figure will eventually be a schematic of the thermometer readout electronics, etc. This

picture is just a place holder.

circuit are wound directly onto the coil form in its circumferential slots. One of these coils

contains the palladium sample, and the other surrounds an empty volume. Each pickup coil

has fifteen turns, and the coils are wound in opposite directions in order to cancel out the

background signal. Each pickup coil has an inductance of 1 _tH in order to match the A

layer of 50 p.m thick kapton tape is wrapped over these coils. The primary coil, consisting

of five layers with 160 turns per layer, is wound onto the kapton. Its inductance is 100 laH.

To achieve the highest possible temperature resolution, the Pd-Fe thermometer must

be read out using a SQUID. In order to make a robust device that wasn't vulnerable to flux

jumps, a four-wire AC susceptibility measurement scheme was selected. The wiring is
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bath stage.

The tubing extends up inside the thermometer's niobium shell, and it was heat sunk well

near the thermometer to avoid large heat loads on the device.

EXPERIMENT

Experimental Setup

The thermometer was bolted to the cold stage of a laboratory adiabatic

demagnetization refrigerator (ADR). The stage was temperature controlled using a
ruthenium oxide thermometer read out with a Linear Research LR-700 bridge. The actual

temperature was read from a germanium resistance thermometer (GRT) calibrated by

Lakeshore Cryotronics down to 0.048 Kelvin. This thermometer was read out using a RV-

Elektroniikka Oy Picowatt AVS-47 resistance bridge.
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FIGURE 3. The Pd-Fe thermometer signal vs. temperature. The signal and quadrature have been rotated in

phase by +22.6 degrees, resulting in a nearly temperature-independent quadrature. The solid line is a Curie-
Weiss Law fit to the data above 60 inK.

In it's temperature controlling mode the ADR generates a magnetic field of up to 6

gauss at the palladium thermometer's location, but the thermometer's niobium shell was

superconducting before the ADR magnet was ever operated. In this test setup four layers

each of 50 _tm thick vanadium permendur and 0.25 mm thick AD-mu-80 ferromagnetic

shielding were wrapped around the 13 cm diameter can surrounding the cold stage to

reduce the earth's magnetic field at the thermometer.

The excitation current was provided by an HP Universal Source. Its two channels

allowed independent excitation of the thermometer and nulling coil primaries with an
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The first testing of the Pd-Fe thermometer was to determine the temperature

dependence over the entire temperature range. For these measurements the excitation
current was a 19 Hz sine wave of 5 x 104 amps rms. This frequency was about as low as

low as possible while still providing a bandwidth adequate for controlling nearly any

cryogenic stage. The SQUID's sensitivity was set to its lowest value, 0.01 volts per O0,

where D0 is one flux quantum. This configuration gave enough dynamic range to sweep

through the entire temperature range of interest. The lock-in amplifier's phase angle was

set to zero, and the in-phase signal and quadrature were measured as a function of

temperature from 48.1 mK up to 1.2 Kelvin. Both the showed a strong temperature

dependence, varying by 520 mV and 216 mV respectively over this range. The quadrature

was plotted against the signal and found to be very linear, indicating a phase angle of-22.6

degrees for the signal's temperature dependent part. When the data were rotated in phase

by +22.6 degrees, the resulting quadrature points were nearly temperature independent,

varying by only 6 mV.
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FIGURE 4. The percent error in the Curie-Weiss Law fit to the data. The values at temperatures below
55 mK are not shown.

The signal data are shown in FIGURE 3. There is an obvious change in the shape of

the curve below about 60 mK. The solid line on the graph is a fit of the data above 60 mK

to the equation V = V0 + C/(T-T0). Here V0 = 189 mV is the high temperature signal due to

the mismatch in the two counter-wound pickup coil windings and any field asymmetry

inside the thermometer volume. The coefficient C is 9596 mV.K, and To is 35.8 mK.

FIGURE 4 shows the percent error of this fit. Except for the points below 60 mk and the

point at 1 Kelvin, the data obey the Curie Weiss law to about 1.5%. This compares with
Pobell's data for a similar thermometer which match to about 1%[3].
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dropped to 0.1 volts/(l)0. In this configuration the in-phase signal and quadrature were

measured for five different temperatures between 48.1 and 49.7 mK

As in the Curie law test, both the signal and quadrature showed a temperature

dependence. Again the data were rotated in phase space, this time by 56.4 degrees, to

minimize the quadrature's temperature dependence. The resulting in-phase signal data are

shown in FIGURE 5. The rotated quadrature changed by only 1.6 mV over this range,

while the rotated signal varied by 600 mV. The solid line in the figure is a linear fit to the

data, indicating a sensitivity of 369.5 laV/rtK. The signal noise floor was 15 laV/x/Hz near

the excitation frequency, so the temperature resolution was 41 nK/_/Hz. The SQUID's

noise floor is about 4 la (l)0/x/Hz, or about a factor of 40 lower than the measured signal.
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FIGURE 5. The Pd-Fe thermometer signal vs. temperature. The signal and quadrature have been nulled at

a temperature of 50 mK, then rotated in phase by +56.4 degrees, resulting in a nearly temperature-

independent quadrature. The solid line is a linear fit to the data.

ANALYSIS

The change in slope of the signal vs. temperature plot is not yet understood. It truly

appears to be a transition to a constant slope on a log-log plot, rather than rolling over
toward a constant value or a maximum. It is possible that the approach of the spin-glass

freezing temperature is causing this effect. The fit of the data above 60 mK, where it does

obey a Curie-Weiss law, indicates a freezing temperature closer to 36 mK. Future studies
to
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current heating. It also seems likely that a heat source would result in a rollover of the data

toward a temperature-independent value, which is not seen in the data.

A third possibility is a calibration problem with the standard GRT. It is conceivable

that the low temperature end of the calibration curve has changed, or that the original

calibration had some problem. Since this thermometer has only been used as a primary

standard, such a calibration anomaly would not have been noticed. In the future it will be

checked against another calibrated standard resistor, possibly in a dilution refrigerator.

This uncertainty points out one of the important motivations for developing the Pd-Fe

thermometer in the first place.

Another area for improvement is in the thermometer signal's noise floor. With the

large thermal mass of the ADR's salt pill, there should be no significant noise spectral

density at the operating temperature of 47 Hz. Thus the noise floor must be due to
thermometer readout noise rather than actual temperature noise. One possible source of

disturbance is Johnson noise currents in the resistive palladium. However, calculations of



the Johnsonnoisepickup indicatethat it would be well below the existing noise floor.
Most likely thesituationcouldbe improvedby enhancingtheshieldingandfiltering andby
eliminatingmicrophonicsin the wiring in thepresenceof theearth's field andtheADR's
fringing field. One of the goals of this work was to demonstratea device that was
convenientto use,so noisereductioneffortswere modestin the early testing. However,
moreeffortswill bemadeto limit thenoisein thefuture.

CONCLUSIONS

The work so far has produced a Curie-Weiss law thermometer down to about 60 mK.

Efforts will be made to improve the heat sinking of leads to see if the roll-off below this

temperature disappears. In addition the device might be tested in a dilution refrigerator

with a resistive thermometer calibrated down to lower temperatures. This would eliminate

the possible effect of residual magnetic fields from the ADR and allow a characterization

of the spin glass transition. The steady state control mode took advantage of the

thermometer's high sensitivity. Attempts could be made to reduce the circuit noise to a

value closer to the SQUID's noise floor (better filtering, magnetic shielding, and vibration

reduction), but the device as-is would provide significantly better resolution than traditional

resistive devices. Work is currently proceeding at GSFC to demonstrate a version of this

thermometer deposited directly onto a chip.
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thermometers cannot be trusted.
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FIGURE 2. This figure will eventually be a schematic of the thermometer readout electronics, etc. This

picture is just a place holder.

circuit are wound directly onto the coil form in its circumferential slots. One of these coils

contains the palladium sample, and the other surrounds an empty volume. Each pickup coil

has fifteen turns, and the coils are wound in opposite directions in order to cancel out the

background signal. Each pickup coil has an inductance of 1 _H in order to match the A

layer of 50 p.m thick kapton tape is wrapped over these coils. The primary coil, consisting

of five layers with 160 turns per layer, is wound onto the kapton. Its inductance is 100 _tH.

To achieve the highest possible temperature resolution, the Pd-Fe thermometer must

be read out using a SQUID. In order to make a robust device that wasn't vulnerable to flux

jumps, a four-wire AC susceptibility measurement scheme was selected. The wiring is
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The tubing extends up inside the thermometer's niobium shell, and it was heat sunk well

near the thermometer to avoid large heat loads on the device.

EXPERIMENT

Experimental Setup

The thermometer was bolted to the cold stage of a laboratory adiabatic

demagnetization refrigerator (ADR). The stage was temperature controlled using a
ruthenium oxide thermometer read out with a Linear Research LR-700 bridge. The actual

temperature was read from a germanium resistance thermometer (GRT) calibrated by

Lakeshore Cryotronics down to 0.048 Kelvin. This thermometer was read out using a RV-

Elektroniikka Oy Picowatt AVS-47 resistance bridge.
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FIGURE 4. The percent error in the Curie-Weiss Law fit to the data. The values at temperatures below
55 mK are not shown.

The signal data are shown in FIGURE 3. There is an obvious change in the shape of
the curve below about 60 mK. The solid line on the graph is a fit of the data above 60 mK

to the equation V = V0 + C/(T-T0). Here V0 = 189 mV is the high temperature signal due to

the mismatch in the two counter-wound pickup coil windings and any field asymmetry

inside the thermometer volume. The coefficient C is 9596 mV-K, and To is 35.8 mK.

FIGURE 4 shows the percent error of this fit. Except for the points below 60 mk and the

point at 1 Kelvin, the data obey the Curie Weiss law to about 1.5%. This compares with
Pobell's data for a similar thermometer which match to about 1%[3].
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dropped to 0.1 volts/_0. In this configuration the in-phase signal and quadrature were

measured for five different temperatures between 48.1 and 49.7 mK

As in the Curie law test, both the signal and quadrature showed a temperature

dependence. Again the data were rotated in phase space, this time by 56.4 degrees, to

minimize the quadrature's temperature dependence. The resulting in-phase signal data are

shown in FIGURE 5. The rotated quadrature changed by only 1.6 mV over this range,

while the rotated signal varied by 600 mV. The solid line in the figure is a linear fit to the

data, indicating a sensitivity of 369.5 _tV/_tK. The signal noise floor was 15 ktV/x/Hz near

the excitation frequency, so the temperature resolution was 41 nK/x/Hz. The SQUID's

noise floor is about 4 _t O0/x/Hz, or about a factor of 40 lower than the measured signal.
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thermometer's high sensitivity. Attempts could be made to reduce the circuit noise to a

value closer to the SQUID's noise floor (better filtering, magnetic shielding, and vibration

reduction), but the device as-is would provide significantly better resolution than traditional

resistive devices. Work is currently proceeding at GSFC to demonstrate a version of this

thermometer deposited directly onto a chip.
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